A manikin model and purpose-designed force-transducing laryngoscope was used to test three cohorts at different levels of experience (novice, intermediate and experienced males and females, n=65) for the axial force and torque exerted, best laryngoscopic view obtained, success with and time for intubation and laryngoscopic technique.
Tracheal intubation is a key skill in the practice of anaesthesia. The forces used to achieve satisfactory laryngoscopy for intubation and the technique used to successfully intubate varies between individuals. It is possible that the capacity to generate appropriate force is a limiting factor in the ability to perform laryngoscopy, until refinement in technique with increasing experience occurs.
In recent clinical experience novice female intubators have complained that they are not strong enough to successfully intubate. Subsequent discussion with colleagues revealed a perception that novice females were less able than their male counterparts when acquiring the skill of intubation, perhaps because of differences in physical strength. However, there was consensus that experienced female and male anaesthetists did not differ in the ability to intubate.
Our study design was formulated on the premise that a difference in intubation ability between genders might exist for inexperienced intubators but not for more experienced intubators. If such a difference was demonstrated, changes in training might be required to ensure that female anaesthetists were not disadvantaged during early training.
Previous studies have measured the forces associated with laryngoscopy and the influence of patient characteristics on these forces [1] [2] [3] [4] [5] [6] [7] [8] [9] , but little consideration has been given to operator characteristics and none has considered the influence of operator gender. Because there is no single measure of 'intubation ability' or 'strength relevant to intubation', a range of markers of the ability to intubate were assessed and the forces generated during laryngoscopy were analysed.
During the development of our force transducing laryngoscope and the study design, it became apparent that laryngoscope grip varied considerably between intubators, so we also investigated the influence of grip on markers of intubation ability and forces generated. To reduce the potential that inter-patient variability has to mask true differences between participants, a manikin-based study model was employed.
Our primary hypotheses were that markers of intubation ability (success rate, time taken to intubate, best reported laryngoscopic view) differ between female and male novice intubators, but that markers of intubation ability and forces generated during intubation do not differ between male and female experienced intubators.
Secondary hypotheses tested were that, during direct laryngoscopy:
the forces generated influence markers of 1.
intubation ability, laryngoscope grip influences markers of 2.
intubation ability and forces generated.
MATERIAlS AND METHODS Following ethics committee approval, written informed consent was obtained from specialist and trainee (ranging from six months to seven years of continuous training in anaesthesia) anaesthetists and non-anaesthesia medical staff (medical students completing an elective term in anaesthesia and interns/resident medical officers in surgery, internal medicine and anaesthesia) at two large teaching hospitals. All non-anaesthesia staff had prior intubation training using manikins at undergraduate and postgraduate level and were familiar with the technique, but had performed less than 20 supervised direct laryngoscopies on patients. Neither the local undergraduate or anaesthetic training programs provided specific teaching about the forces generated during intubation or the choice of grip on the laryngoscope. Three cohorts were established, based on regular clinical experience with tracheal intubation: novice (with less than three months regular experience), intermediate (with three months to three years regular experience) and experienced (with greater than three years regular experience).
Using force data from a previous study 4 of experienced intubators, a sample size calculation suggested a total of 180 observations were required to detect a 20% difference between cohorts in the axial force or torque applied. Thus each of the three cohorts required at least 10 female and 10 male participants, resulting in a total of at least 60 study participants.
Force transducing laryngoscope
A standard Heine™ (Heine Optotechnik, Munich, germany) laryngoscope with a number 3 Macintosh blade was modified to create a narrow 'U' shaped slot through the proximal end of the handle (Figure 1 ). This separated the blade attachment from the rest of the handle, causing all forces to be transmitted through the two thin metal membranes left at the sides. These were fitted with four strain gauges (Kyowa KFg-1N-120-C1, Hi-Potential Technologies, Perth, WA) arranged to measure the force and torque exerted by the user. Computer modelling was used to determine the optimum placement of the gauges (Figure 2 ). The number 3 Macintosh blade was used because this is the default blade in Australasian clinical practice.
The laryngoscope globe was powered from a strain gauge power supply incorporated into the laryngoscope handle, and the entire measurement device connected to a National Instruments™ (Austin, Texas, USA) analogue capture card for data acquisition. Custom software written in labVIEW™ (National Instruments, Austin, Texas, USA) converted the raw voltages to calibrated axial force and moment, displayed numerically and graphically in real time. The device was initially calibrated with known weights and a spot calibration was performed using a single weight before each study to compensate for any long-term drift.
A single one-year-old intubating manikin (laerdal™ airway management trainer, laerdal Medical Corporation, gatesville, Texas, USA) was used in its standard configuration (adult male with dentition and anatomically 'normal' airway) for all participants. It was immobilised in a standardised and fixed 'sniffing position' on a hospital patient trolley.
The participant's height, weight and body mass index was recorded. Prior to the commencement of data collection, participants were given the opportunity to adjust the trolley height for their subjective comfort during intubation and to alter the tracheal tube to their preferred shape using a malleable metal introducer. Each participant received standardised instructions to intubate the manikin using 'their usual approach to direct laryngoscopy' using a silicone-lubricated Portex™ (Keene, New Hampshire, USA) 7.0 mm endotracheal tube and the purpose-designed laryngoscope. Participants were not made aware of the purpose of the study or which endpoints would be measured.
Sixty seconds was allowed to complete intubation on each of three sequential attempts. No advice or coaching was offered during the period of data collection.
Successful intubation was confirmed by ventilating the manikin's lungs with a self-inflating bag. Participants were asked to grade the best laryngoscopic view obtained using a poster of the modified Cormack-lehane scale (dividing the original "grade II" into "grade IIa" [posterior vocal cords visible] and "grade IIb" [arytenoids only visible]) 10 .
At the conclusion of three attempts, participants identified their anterior superior iliac spine and the vertical height was measured from the floor. The participant-adjusted manikin height was measured (vertical height from floor to the corner of the manikin's mouth). The difference in centimetres was recorded (positive values indicate that the manikin was above the participants anterior superior iliac spine).
Each intubation attempt was videotaped and still images were captured to enable determination of grip choice and the angle at which force was directed. To reduce the risk of observer bias, still images were de-identified and coded by one investigator and classified according to grip and angle by another blinded investigator.
As the external physical features of the study laryngoscope were not different from those of a standard laryngoscope (with the exception of a cable exiting through the base of the handle), participants were not given an opportunity to practise with the equipment prior to data collection.
The participants, but not the investigators, were blinded to continuous data recording. A graphical representation of force and torque versus time taken for each attempt was obtained. A typical example of an experienced intubator is shown in Figure 3 , with a short maximal peak associated with initial glottic exposure and a later prolonged 'plateau phase' of lower magnitude associated with intubation. Maximum force and maximum torque values were recorded as the single highest point, while average force and average torque were calculated using multi-point sampling during the 'plateau phase'. Time to complete intubation was measured independently on a chronograph.
Statistical analysis was performed using a generalised linear model, with the force or torque as dependent variable. Pair-wise comparison of these dependent variables between operators of different gender, experience or grip type were obtained from the regression. Confidence intervals (to 95%) are included where appropriate. The Fisher's Exact test or chi-square test was employed to test for any statistically significant associations between the 'best reported laryngoscopic view' and laryngoscope grip type. A multiple regression model was used to examine the relationship between the dependent variables and the independent variables after adjustment for other possibly associated variables including height and body mass index. A mixed model (including the participant as a random effect) was used to identify any 'learning effect' by analysing the time to intubate over several attempts for each participant. In all analyses, a P value of <0.05 was considered statistically significant.
RESUlTS
A total of 65 participants (Table 1) completed the assessment. Camera malfunction prevented determination of laryngoscope grip and angle of force for six participants (three experienced males, one experienced female and two intermediate males).
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Comparisons on the basis of gender alone
No significant differences were observed between females and males for intubation success (P=0.27) or time to intubate (P=0.077) ( Table 2) .
Females reported 64.5% grade I, 29% grade IIa and 6% grade IIb laryngoscopic views while males reported 85% grade I views and 15% grade IIa (chi-square P=0.10).
Comparisons on the basis of experience alone
Novices had a significantly lower success rate than both intermediate and experienced intubators and took longer to intubate than experienced intubators but not intermediate intubators ( Table 2) . Differences between groups in the best reported laryngoscopic view were not significant.
Comparison of subgroups: experience and gender
Novice females and males did not differ in success rate or time to intubate ( Table 2 ). Novice females reported 40% grade I, 40% grade IIa and 20% grade IIb best laryngoscopic views, whereas novice males reported only grade I views (P=0.003). Experienced females and males did not differ in ability to intubate ( Table 2) . When considering the effect of experience on ability and force generated during intubation, novice females had a significantly lower rate of successful intubation, achieved poorer laryngoscopic views and were slower to intubate than experienced females, but forces generated were not significantly different ( Table 2) .
Four participants (three novice females and one novice male, all reporting a grade I laryngoscopic view and adopting a distal handle laryngoscopic grip [see below]) failed to intubate the trachea at one of their three attempts. Two participants intubated the esophagus while the remaining two participants were unable to intubate the trachea within the allotted 60 seconds. Force data from failed attempts were not included for analysis, although the forces generated were not markedly different from their successful attempts.
Forces used by intubators
No significant differences in the forces generated during intubation were observed between novice females and novice males ( Table 2 ). However, on the basis of gender for all participants, males generated significantly higher forces during laryngoscopy than females ( Table 2) . When comparisons are made on the basis of experience alone, mean forces generated during intubation by novices were higher compared with experienced intubators ( Table 2 ). There were no significant differences between sub-groups in the angle that axial force was directed. The mean angle (from horizontal) in degrees for each subgroup in ascending order (with 95% confidence interval) was intermediate female (6.8, 2.5 to 11.1), intermediate male (7.1, 4.3 to 9.9), novice male (7.5, 4.6 to 10.4), experienced female (8.1, 5.6 to 10.6), experienced male (8.2, 5 to 11.4) and novice female (12.7, 7.9 to 17.5).
Technique of direct laryngoscopy laryngoscope grip
Four different laryngoscopic grips were observed, according to which part of the laryngoscope handle was held during intubation ( Figure 4 ). These were 'blade grip' (palm contacts the blade), 'mid-handle' (palm contacts the proximal laryngoscope handle/ collar, but not the blade), 'distal handle, palm horizontal' (palm contacts the distal laryngoscope handle and is horizontal to the floor) and 'distal handle, palm vertical' (palm contacts the distal laryngoscope handle and is vertical to the floor).
The forces generated by each grip method were, from lowest to highest: blade, mid-handle, distal grip (palm horizontal) and distal grip (palm vertical), with significant differences between both a distal handle grip and the blade grip ( To simplify further analysis, the two high-force grip groups (distal handle palm horizontal and distal handle palm vertical) were combined and the two low-force grip groups (blade and mid-handle) were combined.
Equal proportions of females selected low-and high-force grips whereas 28% of males selected high-force grips and 72% selected low-force grips (P=0.08). High-force grips were selected by 71% of novice intubators, 26% of intermediate intubators and only 16% of experienced intubators (P=0.0006).
To determine whether laryngoscope grip had independent associations with forces generated, regression modelling was performed. A statistically significant association was found (after adjusting for the influence of gender and experience using a generalised linear model) for all measured forces; maximum axial (P=0.004), mean axial (P=0.009), maximum torque (P=0.0007) and mean torque (P=0.01).
All participants with less than 100% success were distal handle grip users. Although they comprised only 17% of all distal handle grip users, this was statistically significant (P=0.02). In addition, the best reported laryngoscopic view was not associated with grip choice after adjusting for gender and experience (P=0.08).
Operator characteristics
Novice participants were tallest (Table 1 ) and a positive correlation was found for height and each force or torque outcome variable, but this was no longer significant after adjusting for gender and experience. No association was found between weight, body mass index or bed height and any measured outcome variable.
Learning effect
A Random Effects model was applied to the data where outcomes of all three participant's attempts were compared to each other. There were significant reductions from first to final attempt in all outcome variables: time to intubate (22.3 to 14.2, P <0.0001), maximum axial force (37.8 to 33.6, P=0.0006), mean axial force (24.2 to 22.4, P=0.0381), maximum torque (3.55 to 3.32, P=0.0008), mean torque (2.60 to 2.42, P=0.0049). Figures from the second attempt were intermediate between the first and third, and were generally not significantly different from either one. The exceptions to this were the time to intubate which was significantly different from both first and last attempt and maximum axial force, which dropped significantly from second to final attempt (36.6 to 33.6, P=0.0156).
DISCUSSION
The primary finding of this study was that there was no significant difference between novice female and male intubators with respect to the ability to intubate or the forces used during direct laryngoscopy. The implications of this finding and a number of relevant secondary findings are discussed.
The premise for gender inequality for learning to intubation
Biological differences exist between females and males, making it plausible that gender differences exist in acquiring the skill of laryngoscopy. Males are on average taller, heavier and physically stronger than females. Furthermore, while there is little gender difference in physical abilities until puberty "males continue to post gains on tests of large muscle activities, while females level off or decline" from this point on 12 .
Successful laryngoscopy and intubation requires a complex interaction of anatomical knowledge, physical strength, co-ordination and visuospatial awareness. At least one study has demonstrated that males are more accurate than females in visuospatial co-ordination tasks (unrelated to laryngoscopy) in "near space" (<1 metre away) 13 . Our findings do not support gender differences in the ability to intubate at any stage of experience.
Clinical relevance of the findings
This study evaluated the effect of operator characteristics on intubation ability and technique. A manikin based study provided standardised conditions and controlled for the patient variability demonstrated in previous studies 3 . Furthermore, forces generated during the intubation of a manikin and a human are similar 6 .
It should be noted that a plastic manikin may become more pliable as it ages, but because the same one-year old manikin was used by all participants it is unlikely that a systematic error was introduced. Also, the laerdal™ manikin we used cannot replicate 'difficult airway' conditions. Human study has suggested that higher forces may be generated during 'difficult intubations' 4 .
The effect of experience
The effect of intubator experience on the forces generated and on intubation ability has been studied previously. Bucx et al 5 determined that the level of experience has "a significant influence on duration of intubation but… little influence on the forces applied…". They noted that novices had lower success rates and a trend toward description of a worse laryngoscopic view.
Bishop et al 6 also found that novices were slower than experienced intubators but concluded that "force applied during intubation was not clearly different between novice and experienced operators". Our findings strengthen the conclusion that novice intubators are slower to intubate, but, in contrast, we found that novice intubators exert greater force during direct laryngoscopy. A possible explanation is that we used a different criterion to classify 'experience'.
The reported laryngoscopic view was not independently verified, but we found no significant improvement in best reported laryngoscopic view with increasing experience and no apparent correlation between improving laryngoscopic views and intubation success. Possible reasons are that 96% of intubation attempts were reported as grade I or IIa and that with experience, some intubators accept limited vocal cord exposure without affecting their success rate. This postulate may also explain the lower forces generated by more experienced intubators.
Grip
Hayashi et al 11 considered the influence of laryngoscopic grip on generated forces. They demonstrated that a distal laryngoscope handle grip during simulated laryngoscopy produces a 50% increase in the mean axial force generated (similar to our study data) when compared to a proximal handle grip and concluded that the distal grip would "offer some advantage in case of difficult airway or for those who have weak muscle power". Our findings however, do not support the importance of greater force generated as a factor for successful intubation. Furthermore, our data confirm that as axial force increases, so does torque. Increases in torque must be matched by increases in countertorque to prevent the laryngoscope handle from twisting towards the patient's chest (see Figure 5 ). It is reasonable to speculate from our results that deliberate attempts to use a grip that increases axial force during difficult laryngoscopy or by "those with weak muscle power" would impose the need for supra-maximal counter-torque from the weak wrist abductors and therefore be self-defeating. Furthermore, all four failed intubations occurred in operators using a distal grip, although further investigation is required because a small proportion of experienced operators also chose to use this type of grip.
Relevance of forces generated
Our study does not allow us to draw conclusions about the relationship between forces generated during laryngoscopy and participant strength. While testing the study protocol, attempts were made to measure the maximum axial force that participants could generate with the study laryngoscope, to determine how much of maximum strength was used during routine manikin intubation. Unfortunately standardisation of this maximum force manoeuvre proved difficult and we did not proceed with this investigation of this variable. Development of a model to test this would be of interest, particularly to determine if any subgroup of participants is close to their maximum capacity to generate force during routine intubation. Irrespective, it is unclear whether forces generated during intubation are of clinical importance. Hastings et al 7 demonstrated that forces vary significantly between different laryngoscopists dealing with the same patient, and our results support that forces exerted are not correlated with success. Unless future trials suggest higher forces are needed when intubating 'difficult airways', we believe it is more relevant to focus on other factors that may determine the clinically important endpoint of successful intubation. 
Study limitations and future research
This study may have been underpowered to detect true differences for some measured outcomes. As a novel investigation exploring new areas, our power calculation was based on best available estimates using data from related studies. A clinical trial is needed to validate our findings and this could address the potential for bias from inter-patient variability and include a much larger number of participants to increase power.
When considering aspects of technique that might explain the differences observed between novice and experienced anaesthetists, the inability of the investigators to visualise inside the manikin's mouth was a disadvantage. The exact location of the laryngoscope tip may be of importance, so future studies might incorporate multiple fibreoptic cameras to view laryngoscope blade placement and to confirm the reported laryngoscopic view.
While the potential for a learning effect applied equally to all participants in the study and no major variations between sub-groups were apparent, we cannot comment on what effect the learning effect or any lost data may have had on data analysis. Furthermore, we are unable to speculate on what results might be obtained if a different sized Macintosh blade were used.
Educational importance
This study is the first to focus on operator characteristics in relation to intubation under standardised conditions. On the basis of our findings, it appears that novice females need not be concerned by the suggestion that they are less able at intubation than their male counterparts, although a larger clinical trial that supports these results would be necessary before they could be fully reassured. Furthermore, we provide objective data indicating that physical characteristics (such as height) or force generated are not important determinants of successful intubation.
The variations in laryngoscope grip used during clinical simulation have not previously been described in detail. Our study laryngoscope was unique in that strain gauges across the head of the handle allowed accurate measurement of axial force and torque regardless of the hand-grip used by participants. Most previous studies [1] [2] [3] [4] [5] [6] [7] 9 have measured forces at the handle grip and would be inaccurate if a 'blade grip' was used. While the clinical importance of laryngoscope grip needs further elucidation, awareness by supervising clinicians of these variations may allow them to assist a novice intubator in improving their technique. On the basis of our findings, we would not recommend a deliberate change to use of a distal handle grip.
We found no evidence that table height selected by the participant was of relevance to outcomes and suggest choice of an ergonomically comfortable position.
Successful intubation probably depends on many factors. Appropriate positioning of the patient's head and placement of the Macintosh laryngoscope blade tip in the vallecula to optimise glottic exposure are considered crucial by many anaesthetists. Our study standardised head position in a fixed 'sniffing' position but did not address either of these factors. Future studies may determine their influence and relative importance compared with laryngoscope grip or table height.
The use of a force transducing laryngoscope could prove of benefit in training novices. Application of excessive force (for example, a maximum axial force >40 N) may be identified immediately and technique (such as laryngoscope grip, blade tip placement and angle of force direction) closely examined. Knowledge of the difference between the maximum axial force (seen in initial glottic exposure) and the lower mean force (which proves adequate for actual intubation) may encourage novices to use a smoother and slower application of force.
In conclusion, we found no difference between novice females and males in their ability to intubate. We found that the force exerted during intubation declines with experience and believe that 'strength' is unlikely to be a limiting factor determining routine intubation success. Despite the use of a sophisticated measuring device and video analysis in a controlled environment, the subtle differences that differentiate a novice from an experienced intubator remain elusive and require further study.
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APPENDIX TO TABlES
The following list shows the mathematical models which were used to estimate the quantities given in each of the tables. Table 1 Demographic data of participant subgroups For each of the outcome variables (height, weight and body mass index), a regression model was fitted to the data with one independent variable (group) having six levels which identified the gender and experience level of each participant. With β representing the coefficients and ε the error term, the regression model for each outcome variable was:
Outcome=β 0 +β 1 *group+ε Confidence intervals and P values for pairwise differences between the regression coefficients (group means) were based on the residual mean square from the regression. The regression was implemented in SAS using PROC generalised linear model. Table 2 Outcome variables for participants by gender and experience
For each of the outcome variables which were measured on a continuous scale (time to intubate, maximum and mean axial forces and torques, and success rate expressed as a percentage), P values were obtained from the regression model:
Outcome=β 0 +β 1 *group+ε The P values were calculated from three different models according to different amalgamations of gender and experience:
No amalgamation -six levels (two genders 1.
and three experience groups) -used to obtain P values for NF vs NM, NF vs EF, NM vs EM. Amalgamation of experience levels -leaving two 2.
gender groups -used to obtain P values for AF vs AM. Amalgamation of gender levels -leaving three 3.
experience levels -used to obtain P values for AN vs AI and AN vs AE.
In each case, confidence intervals and P values were based on the residual mean square for the regression.
Best view was classified as I, IIa or IIb. We analysed this variable in two ways -firstly treating it as a continuous variable (as above), and then as a categorical variable with two levels -grade I vs others. When we treated best view as a continuous variable, we obtained the P values in the same manner as for the other continuous variables above (P values shown Table 2 ). When treated as a categorical variable, we used the chi-square test comparing only the subgroups of interest to obtain the P values (we tabulated best view for NF and NM and then for NF and EF etc. and obtained the P values from each table). There was complete agreement in statistical significance (at the 0.05 level) from both the chi-square test and the linear regression. Table 3 Intubation forces for different grip classifications For each of the outcome variables (maximum and mean axial forces and torques), P values were obtained from the regression model:
Outcome=β 0 +β 1 *grip+ε where grip is a categorical variable with labels 1 to 4. The confidence intervals for the means within each grip group were calculated from the residual mean square from the regression model (the SAS statement: MEANS grip/T ClM; within the PROC generalised linear model procedure).
In order to check if any associations between outcome and grip remain after adjustment for gender and experience, we fitted the model:
Outcome=β 0 +β 1 *group+β 2 *grip+ε where group has six levels as described above. The adjusted P values quoted in the text are for the inclusion of the grip term, after the group term has already been included in the model.
The learning effect model
For each outcome variable in turn (time to intubation, and the maximum and mean axial forces and torques), we fitted a model of the form:
Outcome=β 0 +β 1 *attempt+β 2 *participant+ε where attempt is a categorical variable indicating the attempt number (fixed effect) and participant is a (random effect) term identifying records belonging to the same participant. The declaration of participant as a random effect means that the model takes into account the correlations in the outcomes associated with measurements on the same participant. The model was fitted using PROC MIXED in SAS, with the default 'variance components' covariance structure for the participants.
